Abstract Homeostasis of the hematopoietic system has its roots in the maintenance of hematopoietic stem cells (HSCs) in the bone marrow (BM). HSCs change both phenotypically and functionally with physiological age. The alterations noted in aged HSCs are thought to be a consequence of both cell-intrinsic and extrinsic changes. We review here the age-related changes that the BM microenvironment exerts on HSCs.
Introduction
Hematopoietic stem cells (HSCs) reside at the apex of the hierarchy of hematopoietic cells [1] . HSCs are defined by their multi-lineage differentiation potential and self-renewal capacity, both of which are critical for adequate replenishment of mature hematopoietic cells [2] . HSC stem cell potential alters with age: aged HSCs exhibit skewing to myeloid lineages [3] , loss of homing potential [4, 5] , and lower repopulation potential upon bone marrow (BM) transplantation [4, 6] ( Fig. 1) . Studies have focused on cell autonomous processes as the leading cause of age-related cellular changes, but cell extrinsic influences on HSCs are undeniable, during both physiological homeostasis and stress hematopoiesis. The elucidation of extrinsic factors that affect HSC aging is crucial for a complete understanding of the niche changes during aging. We review here the recent advances in niche regulation of HSCs in relation to HSC aging and highlight new insights into age-related changes in the BM niche.
The HSC niche
The adult BM forms a specialized microenvironment (i.e., a niche), which regulates the quiescence, self-renewal, proliferation, and differentiation of HSCs [7] . Research on the HSC niche initially focused on niche functions of nonhematopoietic cells within the BM. The currently identified niche cells that are non-hematopoietic in origin include immature osteoblasts [8, 9] , endothelial cells [10, 11] , perivascular cells [10, 12] , mesenchymal stem cells (MSC) [13] , sympathetic nerve cells [14] , adipocytes [15] , and non-myelinating Schwann cells [16] . Nonetheless, mature hematopoietic cells such as macrophages/monocytes [17] and regulatory T-cells [18] , as well as osteoclasts [19] , also regulate HSCs or progenitor cells, primarily in an indirect manner through modulation of non-hematopoietic niche cells. Collectively, niche cells regulate HSCs through the production of an array of cytokines, such as angiopoietin-1 (Ang-1), CXCL12, and thrombopoietin (TPO), and extracellular matrix proteins, such as osteopontin and tenascin-C, as well as adhesion molecules such as N-cadherin [10, 12, [20] [21] [22] [23] [24] (Fig. 2) .
Due to the identification of a plethora of cells constituting the niche, the function of the niche has only been depicted as the sum of the effect of niche factors produced and secreted by various niche cells. However, recently, utilization of genetic models in which specific molecules are deleted in specific cells has provided further clarification of niche function undertaken by a specific niche cell. These studies used mice in which Cre recombinase is expressed under a cell-specific reporter to delete specific niche factors (Table 1 ). The critical function of stem cell factor (SCF) on HSC maintenance was elucidated through the analysis of Sl/Sl d mutant mice [45] , but the cellular origin of SCF was only recently clarified through cellspecific deletion of SCF from various cells using hematopoietic cell (Vav1-Cre), osteoblast (Col2.3-Cre), Nestin ? perivascular cell (Nestin-Cre), endothelial cell (Tie2-Cre), and perivascular cell (Lepr-Cre) Cre mice [10] . This study revealed that the SCF production required for HSC maintenance was predominantly found in endothelial cells and perivascular cells. Similar studies investigated the cellular source of the chemokine CXCL-12 [chemokine (C-X-C motif) ligand 12], which is a known regulator of HSCs and lymphoid progenitors [46, 47] . The two independent reports using cell-specific depletion models of CXCL-12 both identified endothelial cells and perivascular stromal cells as the cells affecting HSC stem cell potential [48, 49] . Interestingly, depletion of Cxcl12 from osteoblasts (Col2.3-Cre) or osterix-positive stromal cells only resulted in changes in cells committed to the lymphoid lineage [48, 49] . These results demonstrate a correlation between specific niche cells and niche functions and broaden our understanding of the HSC niche: niche cells form specific functional compartments for HSC regulation.
The aging microenvironment in stem cell systems Before reviewing age-related changes in the HSC niche, it is crucial to note the elegant studies that document the influence of aging in stem cell niches other than the hematopoietic system. In these studies, aging of the niche affects stem cells directly through adhesion to, or secretion of, signaling molecules, or indirectly through systemic circulating factors. In the Drosophila ovary, ovarian germline stem cells (GSCs) reside in a niche formed by cap cells [50] . A decline in Bone morphogenic protein (BMP) signaling through the removal of the gbb and dbb genes in cap cells accelerates ovarian GSC aging [51] . Additionally, E-cadherin-mediated adhesion of GSCs to cap cells decreases with age, and overexpression of E-cadherin can prolong GSC life span [51] . Similarly, Drosophila testicular GSC aging depends on alterations in niche signaling [52] . Testicular GSCs rely on signals from their niche, termed the germ cell hub [53] . An age-associated decline of IGF-II messenger RNA binding protein (IMP) that stabilizes the self-renewal signal Unpaired (Upd) on hub cells affects GSC aging [52, 54] . Furthermore, older males express less DE-cadherin which reduces adhesion of GSCs to hub cells leading to age-related loss of GSCs [55] . Age-related changes in direct and indirect niche signaling have also been implicated in mammalian stem cells. In the adult mouse brain, neurogenesis persists in the subventricular zone of the lateral ventricles and the hippocampus through the differentiation and expansion of neural stem cells [56] . The integrity of neural stem and progenitor cells is supported primarily by endothelial cells in the niche [57] . Neural stem and progenitor cells within these niche regions decrease in number and self-renewal potential with age [58, 59 ]. An age-related decline in mouse brain neurogenesis depends upon the influence of niche cell production of TGF-b on neural stem cells [60] . In the muscles of aged mice, satellite cells that serve as stem cells to replenish injured myocytes show lower activation potentials due to decreased production of the Notch ligand Delta [61] , and overproduction of TGF-b [62] within the microenvironment.
Studies from heterochronic parabiotic mice, in which the circulatory system of aged mice are surgically connected to that of young mice, have also revealed qualitative differences between aged and young systemic environments [63] . Heterochronic parabiosis enhanced the responses of aged mice to muscular injury [64] . The satellite cell activation for the rejuvenation of muscles in aged mice was promoted by stimulation of Notch signaling, which was presumably mediated by factors in the serum of the young mice [61, 64] . By contrast, the aged systemic microenvironment inhibits satellite cell functions [65] .
Aged liver rejuvenation through the expansion of hepatocytes was also positively affected through parabiosis [64] . By contrast, neurogenesis in young mice was inhibited by blood-borne chemokines, including CCL-11, produced by aged mice in heterochronic parabiosis [66] . Furthermore, remyelination through differentiation of oligodendrocyte precursor cells into oligodendrocytes improved in aged mice through the action of circulating monocytes produced by the young mice during parabiosis [67] . However, as parabiosis surgically connects two mice, the invasive procedure may cause changes in systemic inflammatory cytokines, making the analysis of these mice difficult. In summary, age-related changes in both systemic and local environments affect stem cell properties.
Age-related changes in BM niche cells
The BM microenvironment changes substantially with age. Differences in the cellular composition of the aged and young HSC niche pose questions for the relevance of the niche during aging of the hematopoietic system [68] . Extensive studies have shown that MSCs serve as a niche regulating HSC integrity [13] . An age-related decline in the fraction of CD90?, CD105? MSCs has been noted in rats [69] , yet consensus has not been reached as to whether high purity MSC fractions change niche functions with age in mice and humans [70] . Nevertheless, the proliferative capacity of human MSCs was shown to decline with age [71] . Clarification of age-related MSC changes will require more stringent identification and characterization of purified MSCs along with precise functional assays. Aging of the hematopoietic stem cell niche 319
Another feature of the aged BM is the prominent increase in adipocytes [15] . Increases in adipocytes in the BM are associated with lower HSC stem cell potential. Lipoatrophic A-ZIP/F1 mice, which are genetically incapable of adipocyte formation, show an increase in HSC engraftment after irradiation [15] . Although the increase in fat content in the BM with age suggests a change in lipid metabolism, it is not yet known whether aged adipocyte tissue causes the change in metabolic function. Nevertheless, studies have revealed that impaired lipid metabolism in the microenvironment affects HSC function. Cholesterol efflux regulators such as the adenosine triphosphate-binding cassette (ABC) transporters ABCA1 and ABCG1, and high-density lipoprotein (HDL) levels inhibit hematopoietic stem and progenitor cells' (HSPC) proliferation, linking HSC function to cholesterol metabolism [72] . Recently, the function of the transcription factor, Forkhead box c1 (Foxc1) was demonstrated to inhibit adipogenic processes in mice [73] . Conditional deletion of Foxc1 in mesenchymal cells, using Prx-1-Cre or Lepr-Cre mice, resulted in replacement of BM cells with adipocytes and a loss of BM HSCs. Although the adipogenic change was not noted in induced deletion of Foxc1 in adult mice using UbcCreER T2 mice, the study revealed a critical role for Foxc1 in adipogenesis in the BM, which may be related to the increase in BM adipocytes with age. A precise characterization of the aging niche is still needed along with a deeper understanding of the functional significance that the niche conveys on aged HSCs.
HSC regulation by aged niche cells
The question remains as to whether aged BM niche cells induce age-related changes in HSCs. Aged HSCs demonstrate a lower engraftment upon BM transplantation [6] and evidence suggests that aging in the microenvironment influences HSC engraftment. Hematopoietic cells engrafted in subcutaneous implantation of BM stroma from both aged and young mice exhibit lower spleen colony-forming units (CFU-S) in hematopoietic cells seeded on aged stroma [74] . Furthermore, young HSCs transplanted to aged niches exhibit impairment in homing and decreased potential for differentiation [75] .
Another characteristic of aged HSCs is an altered differentiation potential tending toward higher myeloid/ platelet output and lower lymphoid output. Skewing toward myeloid differentiation is attributed to the microenvironment since transplantation of young HSCs to aged recipients resulted in increased output of myeloid lineages [75] . Transplantation experiments show that granulocyte-macrophage progenitor (GMP) expansion is comparable regardless of donor age, hinting a strong influence of the microenvironment for myeloid lineages [76] . Furthermore, impaired production of pre-B-cells in lethally irradiated old mice transplanted with young BM implies that differentiation of B-cells depends on the BM microenvironment [77] . Similarly, T cell lymphopoiesis in the thymus was also more efficient in a young thymic microenvironment, as evident in aged mice carrying a fetal thymus transplanted into the kidney capsule [78] . Nevertheless, the identification of heterogeneity in the lineage commitment among HSCs still indicates cell-intrinsic, stochastic emergence of lineage-biased clones [79] . The degree by which the aged niche influences lineage commitment remains to be determined.
The change in interactions between the aged niche and HSCs is illustrated by the change in the HSC cytoskeleton. A study using a time-lapse two photon microscopy to visualize aged or young HSPCs engrafting in the BM revealed a change in the interaction between aged HSCs and the niche. Aged HSPCs engrafted distal to the periosteal region of the BM and showed less cellular polarity [80] . A decline in cell polarity is an age-acquired characteristic of HSCs [81] . The reports indicate that aged HSCs occupy different niches from young HSCs; the question remains whether aged niches preferentially repel or cause adhesion of HSCs and directly influence HSC cell polarity.
Molecular mechanisms of age-related changes in niche cells
While the cellular characterization of the aged HSC niche progresses, studies reporting the molecular mechanisms of aging in the niche have been reported sporadically. Telomere lengths in aged MSCs shorten with age, particularly in vitro [82] . Recipient mice with reduced telomerase activity (Terc -/-mice) exhibited impaired B lymphopoiesis and increased myelopoiesis, indicating that accumulation of DNA damage through telomerase insufficiency in the microenvironment can accelerate HSC aging [83] . Terc -/-mice displayed a decrease in early mesenchymal progenitor cell populations along with alterations in systemic levels of granulocyte colony stimulating factor (G-CSF) [83] . This study clearly demonstrates that telomerase dysfunction and accumulation of DNA damage within the microenvironment can provoke HSC aging; however, investigation of the vulnerability of various niche cells to aging processes and elucidation of the contribution of these events in physiological and pathological aging is needed.
Changes in adhesion between HSCs and niche cells may also be a mechanism of aging in the hematopoietic system, similar to other stem cell systems. Indeed, expression of various adhesion molecules in HSCs alters with age [84] . Aged HSCs express low levels of integrin a4, integrin a5 and VCAM-1, and high levels of P-selectin and integrin a6 compared to young HSCs [76, 84] . Also, aged HSCs functionally exhibit less adhesion to stromal cells in culture [5] . Overexpression of Cdc42, a small Rho GTPase that is involved in adhesion signaling, causes premature aging phenotypes [85] . In the hematopoietic system, HSCs overexpressing Cdc42 showed aging HSC phenotypes with loss of repopulation potential, myeloid skewing, and decreased cell polarity [81] . As small Rho GTPases alter cell adhesive properties in response to cell extrinsic stimulus [84] , it is of interest whether changes in adhesive properties of niche cells are also involved in alterations in this pathway.
Age-related changes in niche cells may also be attributed to changes in their metabolic state. Accumulation of reactive oxygen species (ROS), a by-product of mitochondrial respiration, has been demonstrated in aged niche cells in the Drosophila ovary; overexpression of superoxide dismutase (SOD) in cap cells reduces ROS in niche cells and extends GSC life span [51] . Similarly, MSCs obtained from aged human BMs revealed elevated ROS levels along with p21 and p53 expression, indicating cellular senescence in BM MSCs [86] . Furthermore, high oxygen tension has been associated with senescence in cultured human BM MSCs. When cultured in continuous hypoxia, human MSCs exhibited higher self-renewal divisions without an increase in cellular senescence [87] . MSCs cultured in higher oxygen levels exhibited utilization of oxidative phosphorylation compared to those cultured in hypoxia, suggesting that the generation of reactive oxidative species may influence MSC senescence. Further studies are necessary to link age-related metabolic changes in MSCs to their function as a HSC niche.
HSC mobilization and aging of the niche
The association between age-related changes in niche components that influence HSC mobilization in the BM is especially important in the context of clinical applications. Aged patients have low yields of mobilized HSCs for therapy [88] , [89] . However, animal models revealed a contradictory effect in which G-CSF-induced mobilization was increased in aged mice [5] . To clarify these discrepancies, a barcoding technique was used to identify the distribution of individual transplanted HSC clones. Barcoded aged and young transplanted HSCs present a skewed distribution that did not show equilibration even by 11 months after transplantation [90] . Mobilization induced through an one-time administration of G-CSF to mice following either aged or young transplanted HSCs sufficiently equilibrated the skewed distribution of transplanted HSC clones indicating that cell kinetics upon mobilization did not differ between aged and young HSCs. These data suggest that differences in mobilization potential according to age are influenced mainly by the niche in which the HSCs reside. The study also indicates that specific HSC clones occupy specific niches post-transplantation, indicating that the clonality of HSCs may largely be influenced by specific niche cells at different anatomical sites. Whether the skewed distribution holds for steady-state hematopoiesis without BM transplantation of aged or young BMs remain to be investigated.
Hematological malignancy and aging of the niche Leukemic stem cells (LSC) or leukemia initiating cells (LIC), which have the potential to initiate leukemia, mimic HSCs when they undergo self-renewal and remain quiescent [91] , [92] . It is, therefore, likely that LSCs may hijack niches normally occupied by HSCs and utilize the niches for leukemic propagation. Indeed, ample evidence suggests that LSCs are influenced by the niche [93] . For example, deletion of the retinoic acid receptor gamma (RARc) or the retinoblastoma gene in the BM microenvironment results in a myeloproliferative disorder [94, 95] . Genetic mutations in osteoblast lineage cells cause hematopoietic malignancies, and deletion of the RNase III endonuclease Dicer1 in osteoprogenitors results in myelodysplasia and acute myeloid leukemia (AML) [96, 97] . Constitutive activation of b-catenin in osteoblasts also induces the emergence of AML [98] . Leukemic cells are also reported to remodel the BM niche to a leukemia-permissive environment [99] . An inducible Scl-tTA::TRE-BCR/ABL (BA) double-transgenic mouse model for chronic-phase chronic myeloid leukemia (CML) revealed that myeloid cells from these mice stimulated MSCs to differentiate into osteoblasts [99] . These osteoblasts were less supportive of normal HSC activity and favored leukemic myeloid cell development.
The incidence of many hematopoietic malignancies, including myelodysplastic syndrome (MDS) and chronic lymphocytic leukemia (CLL), markedly increase with age [100] . The increase in the incidence of leukemia with age has mainly been attributed to cell-intrinsic alterations to cause mutations transforming hematopoietic cells to LSCs [101] . Nevertheless, the possibility that the emergence and competence of LSCs relies on their residing in the proper microenvironment, especially in the context of age-related changes, has been questioned [93] . For instance, aged BM microenvironments nourish expansion of single dominant clones of transplanted hematopoietic cells, in contrast to young microenvironments that give rise to multiple clones, suggesting that aged microenvironments may support the emergence of leukemic clones [102] . The influence of the aged microenvironment on leukemic cells has been investigated by transplantation of BM cells transfected with an AML-ETO fusion protein into either aged or young recipient mice [103] . The AML-ETO fusion protein is a product of a frequent genetic alteration (t (8;21) ) that initiates acute myeloid leukemia. Aged mice recipients showed a higher potential to expand AML-ETO transfected cells within the BM, but not in the spleen, suggesting that the local aged BM microenvironment, and not systemic effects of aging, affect leukemic cell expansion. Whether aged microenvironments will foster LSCs after secondary genetic lesions following the development of AML-ETO has not been tested, however.
Future insights
The utilization of in vivo cell-specific deletion of molecules has recently contributed to the elucidation of functional niches in the BM; however, these systems have not been used to study hematopoiesis in aged mice. The degree by which cell autonomous or cell extrinsic influences from the niche determine the aging of HSCs is still a major question. Research on molecular and genetic mechanisms of cell-intrinsic regulation of HSCs and identification of novel markers for aged HSCs should enable progress in the study of age-related changes in the BM niche in the future. Irrespective of whether aging in the hematopoietic system occurs through HSC intrinsic or extrinsic processes, the identification of how aging proceeds in the BM niche will reveal essential clues for the treatment of age-related hematopoietic diseases.
